Expression of the Arabidopsis TRANSPARENT TESTA 2 (TT2) MYB family transcription factor leads to massive accumulation of proanthocyanidins (PAs) in hairy roots of Medicago truncatula. Microarray analysis showed that TT2 induces genes for flavonoid/PA biosynthesis, transcription factors, and a large number of genes of unknown function. A second microarray dataset identified genes that were preferentially expressed in the M. truncatula seed coat. Comparison of the two datasets defines target genes for steps that are yet unidentified in PA biosynthesis and accumulation. Of these genes, a glycosyltransferase, UGT72L1, was active specifically toward the PA precursor (؊)؊epicatechin, and its expression pattern in developing seeds correlated with the presence of epicatechin glucoside and accumulation of PAs. UGT72L1 may be involved in the production of epicatechin 3-O-glucoside in the seed coat as a key step in PA biosynthesis or its regulation.
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glucosyltransferase ͉ model legume ͉ proanthocyanidin P roanthocyanidins (PAs, also called condensed tannins), are oligomeric/polymeric flavonoid compounds that provide protective functions in the fruits, bark, leaves and seeds of many plants (1) . PAs benefit human health through their antioxidant, anticancer (2, 3), anti-inflammatory (4), and cardioprotective activities (5) , and PA products from a number of different plant species are widely used as dietary supplements.
The presence of PAs is a positive trait in forage crops. PAs bind to proteins and slow their fermentation in the rumen, reducing generation of methane and thereby protecting the animal from potentially lethal pasture bloat (1) . Furthermore, the protein-protective effects of moderate levels of PAs in forages improve nitrogen nutrition, reduce urinary nitrogen excretion, and help counter intestinal parasites. Along with bloat protection, these traits have been major targets for genetic breeding of forage crops (6) (7) (8) .
Analysis of mutants of Arabidopsis thaliana that exhibit a transparent testa (tt) as a result of genetic lesions in flavonoid/PA biosynthesis (9) has identified transcriptional regulators of PA biosynthesis and deposition (10) (11) (12) (13) , and transporters potentially involved in movement of PA precursors to the cell vacuole (14, 15) [supporting information (SI) Fig. S1 ]. However, the exact nature of the intermediates that are transported and subsequently polymerized to PAs is not known.
The model legume Medicago truncatula contains oligomeric PAs, comprised primarily of (Ϫ)Ϫepicatechin units, in seed coats (16) . Here, we report that ectopic expression of the Arabidopsis MYB family transcription factor TRANSPARENT TESTA 2 (TT2) (11) in hairy roots of M. truncatula results in massive accumulation of oligomeric PAs. Microarray analysis of transcripts induced by TT2 in the hairy roots and those preferentially expressed in the Medicago seed coat led to the identification of a glycosyltransferase with unique specificity for (Ϫ)Ϫepicatechin and therefore likely associated with PA biosynthesis.
Results

TT2
Induces PA Accumulation in Medicago Hairy Roots. A construct containing the ORF of Arabidopsis TT2 (11) , driven by the double 35S promoter, was transformed into Agrobacterium rhizogenes to generate hairy roots of M. truncatula. TT2-expressing hairy roots were phenotypically identical to empty vector controls, exhibiting a strong, reddish purple pigmentation ( Fig. 1 A  and B) . However, when stained with dimethylaminocinnamaldehyde (DMACA) reagent, the TT2-expressing lines, but not the vector controls, turned an intense blue-green color ( Fig. 1 C and  D) , indicative of the presence of PA polymers, oligomers, or precursor flavan-3-ols (17) .
Soluble PAs were analyzed by normal phase HPLC, coupled with postcolumn derivatization with DMACA (18) . No signal was observed after separation of extracts from control roots (Fig.  2B) . The soluble PA fraction from the TT2-expressing line 239-5 contained monomers, dimers, and a range of oligomers with an estimated degree of polymerization Յ 10 ( Fig. 2 A) , based on calibration of the HPLC column with PA size standards (18) . Epicatechin monomer and a compound with the same retention time as procyanidin B2 (epicatechin-(4␤ 3 8)-epicatechin) were among the major soluble components. The average soluble PA content in two independent TT2-expressing lines was Ͼ 10 times the level in the control lines (Fig. 2F) .
Butanol-HCl hydrolysis of the insoluble cell residue fraction from the TT2-expressing lines led to a massive release of colored anthocyanidins (Fig. 2C) , shown by HPLC analysis to consist largely of cyanidin (Fig. 2D) , which originates from epicatechin and/or catechin extension units in PAs. Very little anthocyanidin was released from the insoluble residue of empty vector control lines ( Fig. 2 C and E) . The average level of insoluble PAs in two independent TT2-expressing lines was Ͼ24-fold higher than in the empty vector control lines (Fig. 2F ) and Ͼ50-fold higher than the level of soluble PAs produced in response to expression of TT2. The overall PA level of TT2-expressing roots was higher than that found naturally in the seed coat of M. truncatula (16) . seed coat (11, 13) , whereas other transcription factors control anthocyanin and flavonol accumulation (9) . Empty vectortransformed Medicago hairy roots contained a significant level of anthocyanins as determined by spectrophotometric analysis, but this amount was approximately double in lines expressing TT2 (Fig. S2 A) . HPLC analysis of line 239-5 revealed the presence of multiple anthocyanin peaks (Fig. S2B) , all of which disappeared after acid hydrolysis and were converted predominantly to cyanidin (Fig. S2 C and D) , the precursor for both anthocyanins and (Ϫ)Ϫepicatechin units in PAs. HPLC analysis also revealed the presence of f lavonols, particularly quercetin, in TT2-expressing but not in control roots (Fig. S3) .
Genes Induced by Ectopic Expression of TT2 in Medicago Hairy Roots.
TT2 is necessary for transcriptional activation of anthocyanidin reductase (ANR) (Fig. S1 ) in Arabidopsis (13) . A preliminary screen of transgenic hairy roots by RT-PCR indicated that lines positive for TT2 expression also exhibited high levels of ANR transcripts, but ANR transcripts were not detected in empty vector control lines (Fig. 3A) .
Total RNA samples from duplicate biological replicates of TT2-expressing and empty vector controls were subjected to Affymetrix microarray analysis. Changes in expression level of all probe sets on the chip are shown in Fig. 3B . Four hundred and twenty two probe sets were up-regulated in the TT2-expressing lines, and 344 were down-regulated. The Gene Ontology classifications of the up-regulated probe sets are summarized in Fig. S4A .
Of the 30 probe sets up-regulated Ͼ 10-fold (Table 1) , seven represented genes with unknown function. ANR was the most strikingly induced gene (473-times the expression level in the empty vector control line). A number of other flavonoid pathway genes required for PA biosynthesis were also up-regulated Ͼ 2-fold in the TT2-expressing lines (Table S1 ), including genes encoding anthocyanidin synthase and leucoanthocyanidin reductase, which converts leucocyanidin to (ϩ)Ϫcatechin (Fig.  S1) . Consistent with the increase in flavonols in the hairy roots, flavonol synthase transcripts were induced 16.6-fold.
Two putative homologs of TT8, which encodes a bHLH protein involved in PA biosynthesis (12) were up-regulated by 2.0 and 2.3-fold, and a homolog of Arabidopsis TTG1, a WD40 repeat protein that regulates trichome differentiation and anthocyanin biosynthesis in Arabidopsis (19) , was also induced by 2.3-fold (Table S1 ). Several probe sets with weak sequence similarity to the Arabidopsis transporters TT12 and TT19 (14, 15) , and the proton translocating ATPase AHA10 necessary for PA biosynthesis (20) , were weakly up-regulated by expression of TT2 (Table S2) . Genes Preferentially Expressed in the Medicago Seed Coat. Ectopic, high level expression of transcription factors can result in artifactual pleiotropic effects (21) . Therefore, we further interrogated TT2-induced genes for preferential expression in the seed coat, the natural site of PA biosynthesis in Medicago (16) . Coats were dissected from developing seeds [from 16-24 days after pollination (dap)] and total RNA from pooled material analyzed by hybridization to Affymetrix arrays. A total of 1,546 gene probe sets were expressed in the seed coat at a level at least twice that in any other organ, and their Gene Ontology classifications are summarized in Fig. S4B . The gene with the highest seed coat specificity was a putative legumin J precursor (Table  S3) . Among the seed coat preferentially expressed genes, 45 probe sets were also up-regulated Ͼ2-fold by TT2 expression (Fig. 3C) .
The genes encoding enzymes of PA biosynthesis have a clearly defined expression pattern in developing seed, with maximal transcript level at 10-12 dap followed by a decline to very low levels by 36 dap, paralleling the deposition pattern of PAs in the seed coat (16) . Of the TT2-induced seed coat preferentially expressed genes, many exhibited the same expression pattern as flavonoid/PA biosynthetic genes such as ANR and chalcone synthase (CHS) (for example the TTG1 ortholog) (Fig. 4 A-C) , as shown by mining the Medicago Gene Expression Atlas (22) . Others, however, were expressed later in seed development, and likely reflect transcripts present in contaminating seed tissue that do not play a role in PA biosynthesis.
Characterization of UGT72L1. Two TT2-induced seed coat preferentially expressed genes were annotated as encoding uridine diphosphate glycosyltransferases (UGTs). One, UGT72L1, exhibited a Ͼ 10-fold higher expression in the seed coat than in any other organ (Fig. 4H) , and a 64.8-fold higher expression in roots expressing TT2 as compared with controls. Furthermore, its expression kinetics in developing seeds were similar to those of ANR, CHS, and the TTG1 ortholog (Fig. 4D) .
The genomic sequence of UGT72L1 present in Medicago BAC clone AC124966 (www.ncbi.nlm.nih.gov/entrez/ viewer.fcgi?dbϭnuccore&idϭ90659913) contains no introns. Its coding sequence was obtained by RT-PCR from total RNA isolated from TT2-expressing hairy roots. It encodes a protein of 482 aa, with a putative isoelectric point of 5.16 and molecular mass of 53 kDa, and shows 52% amino acid identity to arbutin synthase (AS) from Rauvolfia serpentina and Ϸ30% identity to UGT71G1 and other flavonoid UGTs from M. truncatula (Fig.  S5) . The most related sequence in soybean showed 50% amino acid identity. Phylogenetic analysis indicated that UGT72L1 clustered in an outlying clade with AS but separate from the (iso)flavonoid-specific UGTs from M. truncatula (23) (Fig. S6) . DNA gel blot analysis indicated that UGT72L1 is likely represented by three copies in the M. truncatula genome (data not shown).
The opening reading frame of UGT72L1 was expressed in E. coli as a maltose-binding protein (MBP) fusion (Fig. S7A) . With UDP-glucose as a sugar donor, recombinant UGT72L1-MBP showed high activity for glucosylation of (Ϫ)Ϫepicatechin (Fig.  5A ), significant activity (27%) with (Ϫ)Ϫepigallocatechin, and weak activity with (ϩ)Ϫcatechin and cyanidin (Ͻ15% of the activity with epicatechin). It was not active with procyanidin B1, procyanidin B2, dihydroquercetin, kaempferol, quercetin, apigenin, luteolin, isoliquiritigenin, daidzein, or genistein. The pH optimum for glycosylation of epicatechin was 7.5-8.5 (Fig. S7B) . After removal of the MBP tag by proteolytic cleavage, the native enzyme exhibited the same overall activity and substrate specificity as the fusion protein but was less stable on storage (data not shown).
The product of the UGT72L1 reaction exhibited the mass fragmentation pattern of an epicatechin glycoside and a UV absorption spectrum similar to that of epicatechin ( Fig. 5 C and  D) , and was converted to (Ϫ)Ϫepicatechin on incubation with almond ␤-glucosidase (data not shown). NMR analysis (Table  S4 ) showed a cross peak between H-1 of ␤-glucose and C-3Ј of epicatechin in the HMBC spectrum, indicating linkage of glucose to O-3Ј of the aglycone (Fig. S8A) . This structure was confirmed by a cross peak in the NOESY spectrum between H-1 of glucose and H-2Ј of epicatechin (Fig. S8B) .
Kinetic analysis of recombinant MBP-UGT72L1 fusion protein revealed K m values for epicatechin and UDP glucose of 11.5 and 140 M, respectively, and a Kcat value of 9.89 ϫ 10 Ϫ3 ⅐s Ϫ1 . Eight Medicago UGTs (GenBank accession nos. ABI94020, ABI94021, ABI94022, AAW56092, ABI94023, ABI94024, ABI94025 and ABI94020) are active with a range of flavonoid and isoflavonoid acceptor molecules (23), including cyanidin and quercetin. However, none of these enzymes could glycosylate (Ϫ)Ϫepicatechin (data not shown).
Identification of Epicatechin Glucoside (epi-glc) in M. truncatula's
Seed. Flavonoid profiles of various organs and developing seeds were analyzed by liquid chromatography-mass spectrometry. Conjugates of apigenin, luteolin, and quercetin (quercetin-3-Oglucoside) were found in all organs examined (data not shown), as previously shown in alfalfa (24) . In contrast, a compound with the same HPLC retention time, and UV-and mass-spectral characteristics as epi-glc, was found only in developing seeds (Fig. 6 A, C, and D) . This compound disappeared, with a corresponding increase in free epicatechin, when extracts were treated with ␤-glucosidase (Fig. 6B) . More than 75% of the epicatechin in seed coats at 12 dap was present as a hydrolysable glucoside (Fig. S9) . Epi-glc declined during seed development and was not detected in mature seeds (Fig. 6E) . It was also detected in soluble extracts from TT2-expressing hairy roots (data not shown).
Discussion
A Model System for the Study of PA Biosynthesis in Legumes. Despite progress in the understanding of genetic lesions in Arabidopsis tt mutants (10) (11) (12) (13) 25) , there are still gaps in the understanding of PA biosynthesis, transport, and assembly (9, 26, 27) . There are two rationales for developing M. truncatula as a model for understanding PA biosynthesis. First, it is a model with extensive genomic and genetic resources, including transposon insertion lines (28) . Second, its very close relative, alfalfa, is a target for the introduction of the PA pathway through genetic engineering (16, 29) .
The bulk of the PAs that accumulate in TT2-expressing Medicago hairy roots are insoluble polymers. Thus, TT2 activates genes for precursor synthesis, transport, oligomerization, and ultimate accumulation as high molecular weight polymers, unless some of these are already expressed in control roots. Medicago genes similar to the multidrug and toxic compound extrusion transporter TT12, the GST TT19, and the proton pumping ATPase AHA10, all of which are implicated in PA transport and/or accumulation (14, 15, 20) , were only weakly induced by TT2 in the hairy roots. These genes are regulated by TT2 in Arabidopsis (9, 30) . It is possible that their true Medicago orthologs were absent from the microarray chip, or that their induction is not necessary to support PA accumulation in Medicago roots. Many of the probe sets up-regulated by TT2 in Medicago hairy roots may be induced as a result of off-target transactivation by ectopic expression of a transcription factor (21), or may represent responses to the abnormal metabolic load placed upon the cells. Combining the TT2 induction profile with a microarray dataset for seed coat preferentially expressed genes, directed us to the potential importance of UGT72L1 in PA biosynthesis. However, because of difficulties in obtaining uncontaminated seed coats, it was necessary to include the expression kinetics during seed development as an additional filter for exclusion of false positives.
UGT72L1 Is an Epicatechin
Glucosyltransferase. UGT72L1 appears specific for 2,3-cis-flavan-3-ol. Neither the 2,3-trans isomer, (Ϫ)Ϫcatechin, nor the achiral cyanidin, are good substrates, indicating a preference for a specific stereochemistry at C2-C3. In contrast, eight Medicago UGTs active with flavonoids all function with more than one class of compound; for example, GT83F (UGT78G1) is active with anthocyanidins, flavonols, flavones, coumestans, pterocarpans, and isoflavones (23) . All these enzymes preferentially glycosylate at the C-ring 3-position if a hydroxyl group is present there, in contrast to UGT72L1, which glycosylates the B-ring at the 3Ј-position. However, none of the Medicago enzymes is active with (Ϫ)Ϫepicatechin. The low K m of UGT72L1 for epicatechin, and the high Kcat/K m value when compared with other flavonoid UGTs, suggests that epicatechin is likely the natural substrate for the enzyme in vivo.
UGT72B1 from Arabidopsis and AS from Rauvolfia serpentina are the most closely related enzymes to UGT72L1. Both are multifunctional. UGT72B1 catalyzed both N-and O-glycosylation of xenobiotics (31) , and AS glucosylated 45 out of 74 potential phenolic acceptors (32) , in remarkable contrast to the apparently strict substrate specificity of UGT72L1.
Involvement of UGT72L1 in PA Biosynthesis. UGT72L1's specificity for (Ϫ)Ϫepicatechin, regulation by TT2, preferential expression in the seed coat, and expression kinetics that parallel those of PA biosynthetic genes, along with the inverse correlation between epi-glc and insoluble PA levels in the seed coat, together suggest a role for UGT72L1 in PA biosynthesis.
The tonoplastic multidrug and toxic compound extrusion family transporter TT12 can facilitate transport of cyandin 3-O-glucoside into yeast vesicles but does not transport catechin-3-O-glucoside (which inhibits transport of cyanidin glucoside), free cyanidin, or epicatechin (33) (Fig. S1 ). Epi-glc was not tested in this study due to lack of availability, but was suggested as the likely substrate for TT12. TT12 could recognize glycosides of epicatechin and the achiral cyanidin, but not catechin. After transport to the vacuole, free epicatechin could be released by the activity of a ␤-glucosidase. A glucosidase was induced 3.2-fold by TT2 in the Medicago hairy roots, and its transcripts followed the same developmental pattern as ANR and UGT72L1 during seed development (data not shown). Alternative hypotheses are: (a) that UGT72L1 regulates the levels of free epicatechin, either as a potential detoxification mechanism, or to control the relative levels of starter and extension units for PA biosynthesis; or (b) that glycosylation of epicatechin at the 3Ј-position prevents formation of an o-diquinone on the B-ring during oxidative polymerization, and thus directs epicatechin units into the correct 4-8 linkage pattern; the glucose units may then be removed subsequently. Preliminary genetic analysis indicates that seeds of M. truncatula harboring transposon insertions in UGT72L1 have unaltered or even increased levels of PAs, more consistent with the two latter hypotheses. Further analysis of PA size and linkage type will be necessary to determine whether these knock-outs have a measurable PA phenotype.
Materials and Methods
Generation of TT2-expressing M. truncatula Hairy Roots. pSB239, containing the ORF of Arabidopsis TT2 driven by the double 35S CaMV promoter (30) , and empty pCAMBIA2300 vector for controls, were transformed into Agrobacterium rhizogenes strain ARqual1 (34) by using the freezing-thaw method (35) . Transformed colonies were grown on LB-agar medium with selection at 28°C for 2 d, then used to inoculate radicles of M. truncatula (cv. Jemalong A17) seedlings as described previously in ref. 36 . The resulting hairy roots were maintained on B5 agar media in Petri dishes supplied with 50 mg/l kanamycin under fluorescent light (140 E/m 2 ⅐s 1 ) with a 16-h photoperiod, and were subcultured every month onto fresh media. Screening of hairy root clones by RT-PCR, and by staining with DMACA reagent for the presence of PAs, are described in SI Materials and Methods.
Microarray Analysis. TT2-expressing line 239-5 and vector control line 2300-11 were inoculated onto fresh B5 media supplied with 50 mg/l kanamycin one month before sampling. Total RNA was isolated with Tri-reagent according to the manufacturer's protocol (Gibco-BRL). Forty g of total RNA from each sample was cleaned and concentrated by using the RNeasy MinElute Cleanup Kit (Qiagen, WN), and 10 g of purified RNA used for microarray analysis of two biological replicates (with analytical duplicates).
For each sample, the .CEL file was exported from Genechip Operating System (GCOS) program (Affymetrix). All four .CEL files were imported into robust multichip average (RMA) and normalized as described in ref. 37 . The presence/absence call for each probe set was obtained from dCHIP (38) . Differentially expressed genes between vector control and TT2-expressing line were selected using Associative Analysis (39) . Type I family-wise error rate was reduced by using a Bonferroni corrected P value threshold of 0.05/N, where N represents the number of genes present on the chip. The false discovery rate was monitored and controlled by calculating the Q-value (false discovery rate) by using extraction of differential gene expression (EDGE, www.biostat.washington.edu/software/jstorey/edge) (40, 41) .
To identify genes preferentially expressed in the seed coat, coats were isolated from seeds collected at 16 to 24 dap. RNA isolation and microarray analysis were performed as described above, and data for three biological replicates were obtained and compared with gene expression levels in multiple organs extracted from the Medicago gene atlas (22) . Seed and pod were removed from the analysis because these tissues also contained seed coats. Data from all replicates and samples were normalized together with RMA to reduce technical variation. The maximum expression level of each probe set was calculated for all of the organs, and only those genes showing at least 2-fold higher expression in seed coat were considered to have seed coat preferential expression.
Analysis of PAs, Anthocyanins, and Total Flavonoids in Hairy Roots. Extraction and subsequent analysis of the various classes of flavonoids from hairy roots and other organs of M. truncatula by UV spectroscopy; DMACA plate assay; and reverse phase or normal phase HPLC coupled to postcolumn derivatization, UV diode array detection, or mass spectrometry are described in SI Materials and Methods.
Cloning and Expression of UGT72L1. The genomic sequence of UGT72L1 was retrieved from the Medicago BAC clone AC124966. The physical sequence was cloned from M. truncatula A17 wild-type genomic DNA with the primers MtGT1365CF and MtGT1365R (see SI Materials and Methods). Expression vector construction and expression of UGT72L1 as a MBP-fusion protein are described in SI Materials and Methods.
Recombinant UGT72L1-MBP was purified by affinity chromatography on an amylase resin (New England Biolabs), and UGT72L1 released from MBP by cleavage with Factor Xa protease (New England Biolabs) according to the manufacturer's instructions. Proteins were analyzed by electrophoresis on a 10 -20% SDS polyacrylamide gel stained with Coomassie brilliant blue. UGT72L1 was assayed in a reaction of 50 l containing 100 mM Tris⅐HCl pH7.5, 10-l protein (Ϸ1.29 g/l) with 0.1 mM potential acceptor substrates, and 0.25 mM 14 C-UDP-Glucose (8.8nCi/nmol). All assays were performed in triplicate for 1 h at 30°C along with boiled enzyme controls.
For studying pH optima, the buffers were 179 mM Mes pH 5.0 -7.0, and 179 mM Tris⅐HCl pH 7.0 -9.0. Potential acceptor substrates were (Ϫ)Ϫepicatechin, (Ϫ)Ϫepigallocatechin, (ϩ)Ϫcatechin, (ϩ)Ϫgallocatechin, procyanidins B1 and B2, cyanidin, dihydroquercetin, quercetin, kaemferol, apigenin, luteolin, liquiritigenin, daidzein, and genistein (Sigma-Aldrich).
Phylogeny Analysis. A multiple alignment of the deduced amino acid sequences of UGT72L1 and other UGTs was constructed by using MAFFT (42) and edited manually by using MacClade 4.0 (Sinauer Associates). Node support was estimated by using neighbor-joining bootstrap analysis (1000 bootstrap replicates) and unweighted parsimony bootstrap analysis (100 bootstrap replicates, 5 RAS per bootstrap replicate, limiting the search to 500 trees per RAS) by using PAUP* 4.0b10 (Sinauer Associates).
